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Abstract
We review the status of experiments and ideas relevant for the detection
of the dark matter which is suspected to be the dominant constituent of the
Universe. Great progress is being made and the chances are non-negligible
that one of the many currently in-progress experiments will discover the
nature of the dark matter. We discuss the main dark matter candidates, and
review the experiments relevant to each of them.
⋆ Invited review talk presented at the Texas/PASCOS Symposium, Berkeley, CA, Dec.
1992; to appear in the Proceedings.
INTRODUCTION
This is an extremely interesting time for dark matter (DM) detection.
I think the chances are fair that within the next few years, we will finally
know what the primary constituent of the Universe is. Of course there is no
guarantee of this; the dark matter could consist of something which interacts
only gravitationally and will never be discovered. But in this talk I would
like to describe the ideas and experiments which lead me to believe that
this may not be the case; the primary reason being that for the first time
experiments are being built which will have the sensitivity to detect some of
the favorite dark matter candidates.
You might be surprised at my optimism given that many talks on dark
matter begin by saying that the dark matter problem has been around since
1933, when Zwicky
[1]
measured the velocities of galaxies in several clusters
and showed that there was much more mass in the clusters than could be
accounted for by the stars in the galaxies themselves. After all, if so little
progress has been made in the last 60 years, why are the next few so special?
This attitude, however, is a little misleading. First, Zwicky’s work did not get
a lot of attention at the time, and it really wasn’t until the 1970’s, that the
idea that dark matter dominates the halos of galaxies like our own became
accepted.
[2,3,4]
In fact, it is really only during the last 10-15 years, that
the really incontrovertible data (such as neutral hydrogen rotation curves of
spiral galaxies) has become available, and that a consensus has been reached
that the dark matter problem is one of the major unsolved problems in
physics.
[5,6]
Second, major efforts at detecting the dark matter are even more
recent.
[7]
It is remarkable, that while various pilot experiments, etc. have
been going for a while, it is only within the last 2-3 years that experiments
capable of detecting realistic dark matter candidates have been conceived
and funded. And these experiments have yet to turn in results. However,
before discussing these experiments, let me remind you which of the several
dark matter problems I am talking about.
The mass density of the Universe Ω is measured in units of the critical
density ρcrit, and the luminous matter (stars, dust, and gas) contribute Ω
between roughly 0.005 and 0.007. The most secure dark matter is that in
the halos of spiral galaxies, which contribute Ω between roughly 0.03 and
0.1. It is the gap between these numbers which constitutes the most robust
dark matter problem, and it is precisely this halo dark matter for which
the detection experiments search. On larger scales, groups and clusters of
galaxies contribute perhaps Ω between 0.05 and .3, but as we have seen in
the talk of Mushotsky (these proceeding), the cosmic virial theorem used to
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make these estimates is not completely foolproof. On even larger scales, we
heard Bertshinger (these proceedings) describe the impressive agreement be-
tween the potential field derived from peculiar velocities using the POTENT
method, and the source counts of IRAS selected galaxies. This agreement
implies Ω.6/b = 1.2 ± .6, giving a value of Ω near unity for any reasonable
value of the bias factor b. However, this technique is still somewhat contro-
versial, and I think it is too soon to declare Ω = 1 the answer, even though
inflationary cosmology and aesthetics prefer this value. Finally, big bang nu-
cleosynthesis is consistent with the measured abundances of light elements
only if baryons exist with a density of 0.01 < Ωbaryon < 0.1,
[8]
where I have
taken somewhat larger error bars than Tonry (these proceedings) mostly be-
cause I am less sure of the value of the Hubble constant h. There are several
points to note from this mass density inventory. First, it is entirely possible,
that ALL the really secure dark matter, the dark matter in spiral galaxies,
consists of baryons. To dismiss the searches for baryonic dark matter and
concentrate solely on the search for particle dark matter is premature at best,
and may result in missing the dark matter all together. Next, IF Ω = 1, it
is clear that all the dark matter cannot be baryonic. In this case, the bulk
of the mass density of the Universe must consist of some elementary particle
(or non-Newtonian gravity, etc. which I will not discuss here!). Finally, the
dark matter problem exists entirely independent of whether or not Ω = 1,
and whether or not one believes the nucleosynthesis limits. In fact, the dark
matter searches are looking ONLY for the dark matter in the Milky Way,
which, luckily, is quite secure.
THE CANDIDATES
But how does one search for something which neither emits nor absorbs
electromagnetic radiation in any known waveband? It can be discouraging,
especially since serious candidates have been suggested which span some 70
orders of magnitude in mass, from 10−5eV axions to 106M⊙ black holes. It
is clear that no one technique can work for such a diverse set of candidates.
One must pick a candidate and design a search technique for it. Luckily,
however, some candidates are “generic” and “generic” techniques can cover
a class of candidates. Recently, many classes of candidates are becoming
experimentally accessible for the first time.
In Table 1, I’ve listed some of the main classes of candidates. The axion is
in a class by itself, and needs special detection techniques. The largest class
of candidates is the Weakly Interacting Massive Particle (WIMP) group,
which consists of literally hundreds of suggested particles, the supersymmet-
ric neutralino particle being the current favorite. Another large group is
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Candidate Examples
axion DFS, Hadronic
WIMP neutralino, GeV neutrino, technicolor
particle, extra Higgs, etc., etc., etc.
MACHO jupiters, brown dwarfs,
black hole remnants
light neutrino νµ or ντ with 30 eV mass
non-Newtonian gravity Milgrom’s MOND
[9]
none-of-the-above ?
Table 1. Dark Matter Candidates
the Massive Astrophysical Compact Halo Object (MACHO) group, which
consists of balls of hydrogen and helium too light to initiate nuclear burning
(jupiters at 0.001M⊙, brown dwarfs at 0.01M⊙, etc.), as well as the massive
black hole remnants of an early generation of stars. These can be searched
for by gravitational microlensing. I won’t discuss non-Newtonian gravity, or
the dark horse favorite “none-of-the-above” candidate. Also, since it is nei-
ther a WIMP nor a MACHO, I won’t say much about light neutrinos. It is
possible for the halo of our galaxy to consist of 30 eV tau neutrinos. However,
such a neutrino cannot make-up ALL of the dark matter, since phase-space
constraints
[10]
show that such a light fermion cannot make-up the halos of
the small dwarf galaxies, which are known to contain large amounts of dark
matter.
[11]
So at least one other type of dark matter would be needed. Also,
if our halo did consist of light neutrinos, there is currently no good idea of
how to detect them; they carry too little momentum and energy. The only
possibility would be to measure the neutrino mass and use the big bang cal-
culation Ων ≈ mν/(100h
2), where 0.5 ≤ h ≤ 1 parameterizes our ignorance
of the Hubble parameter. While a direct measurement of the tau neutrino
mass is probably not possible, the situation is not completely hopeless, since
IF ντ − νµ mixing is large, the CERN and/or Fermilab neutrino oscillation
experiments might be able to determine the mass and mixing. The only
other alternative I know of is if there is a supernova in our galaxy, then the
Sudbury Neutrino Observatory might be able to separate the tau neutrinos
from the mu and e neutrinos, measure the time delay, and therefore measure
mν .
[12]
But this looks like a bit of a long shot. Finally, the recently popular
mixed hot plus cold dark matter scenario of galaxy formation, which seems
to survive all the large and small scale structure tests as well the microwave
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background measurements, hypothesizes Ω = 1 with 70% cold dark matter
and 30% hot dark matter. The hot dark matter would be in the form of a
7 eV tau neutrino and the cold component in the form of some more mas-
sive new elementary particle. While this scenario is certainly possible, it is
important to recall that such a light neutrino would not cluster much on
the galaxy scale, implying that the dark matter in our halo would consist
almost entirely of the cold dark matter component. Thus WIMP detection
strategies would be almost unchanged in the mixed DM scenario.
Next, let me remind you that while we don’t know what the dark matter
is, we know fairly well where it is and how fast it is moving. This is important
for the detection schemes. The rotation curves determine that the dark
matter density drops as r−2 at large galactic radii r, and that the velocity
dispersion is roughly 270 km/sec. The halo is thought to be roughly spherical,
but there is not much evidence to support this. The halo also probably
extends out to at least 50 kpc from the center of the galaxy.
[13]
The dark
matter density at the Earth’s position in the galaxy is roughly 0.03 GeV/cm3
(0.007M⊙/pc
3). Thus for particle dark matter matter detection schemes we
know roughly how many particles are passing through the laboratories, and
how much energy the particles carry (as a function of the particle mass). For
the microlensing schemes, we know roughly what the density and velocity
distributions are. Thus reasonably accurate estimates of detection rates are
possible.
Now while I am not going to say much about axions, I can’t resist telling
you about a new experiment which has just been funded.
[14]
This is a col-
laboration of Lawrence Livermore Lab, the Institute for Nuclear Research,
the University of Florida, MIT, etc., to build a very large superconducting
magnet for the purpose of detecting dark matter axions, if they make up the
galactic halo. The basic idea is that since the axion couples to two photons,
an axion can interact with a strong magnetic field and convert into a pho-
ton which can be detected as a resonance in a microwave cavity.
[14,15,16]
If
axions have masses in the 10−6 to 10−5eV range (corresponding to frequen-
cies in the 40-400 MHz range), they can contribute Ω ≈ 1 and be the dark
matter.
[16]
One slowly tunes the microwave cavity to be sensitive to different
axion masses. Two previous experiments have run and found no signal for
axions, but they only had sensitivity to a density of axions a factor of 100
greater than could possibly exist.
[16]
The exciting new development, is that
due to a bigger magnet and a lower noise system, this new LLNL experiment
should, for the first time, be sensitive to a halo density of realistic axions.
While it won’t have the sensitivity to detect or rule-out all the axion mod-
els (It can see much of the “hadronic axion” parameter space, but not the
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Dine-Fischler-Srednicki axion), it should be up an running within two years,
and could be improved to make a more definitive search.
[14]
MACHO’S AND THEIR DETECTION
I will now turn to the MACHO searches. These are probably the most
exciting dark matter searches under way. They are the only ones with a
chance of being definitive. And whether these searches find DM or not, the
results will be important. Remember, that ALL the DM in the Milky Way
halo could be baryonic, and still be consistent with big bang nucleosynthesis.
If it is baryonic, that is, consisting of hydrogen and helium, it is most likely
in the form of jupiter-like planets, brown dwarf stars, or the black hole
remnants of an early generation of stars. The microlensing searches can give
definitive results on dark objects in these mass ranges (10−5 to 102M⊙).
[17,18]
If the dark matter consists of these objects, these experiments should find
it; and it it doesn’t, these experiments should prove it doesn’t. In fact,
these searches may eventually be sensitive to the entire theoretically possible
range of baryonic DM (10−9 to 106M⊙ (Ref. 19)). These experiments use
an idea of Paczynski,
[17]
which is based on an enormous amount of earlier
work on gravitational lensing. If a dark object lies directly on the line-of-
sight between us (the observer) and a distant star (the source), it forms a
gravitational lens, which bends the starlight, making the star appear as a
ring. The radius of this Einstein ring sets the scale for the experiment and is
given by Re = (2L
−1/2/c)[Gmx(L− x)]1/2, where m is the mass of the lens,
L is the source-observer distance, and x is the lens-observer distance. Note
that Re is proportional to the square-root of the lens mass. Now if the halo
consists of MACHOs, they occasionally will come close to the line-of-sight
to a star, and cause a microlensing event. It is very rare, however, that
a perfect alignment will occur. If the alignment is not perfect, two stellar
images appear rather than a ring. For distances appropriate for the MACHO
searches, these images are too close together to be resolved from the ground
(milliarcseconds), but the light from the two images add, making the star
appear brighter. The amplification (magnification) of the star is given by
A = (u2 + 2)/[u(u2 + 4)1/2], where u = b/Re is the distance of the lens from
the line-of-sight in units of Re. For a MACHO moving with transverse speed
v, the “lightcurve” is given by A(u(t)), where u(t) = [u2min + (t/tˆ)
2]1/2, and
the time scale of the event is set by tˆ = Re/v. Thus, as a MACHO moves
by, a star will appear to brighten, then return to normal; A will increase
from unity to a maximum value Amax, and then decreases back to unity.
This brightening is symmetric in time and its duration depends upon the
MACHO speed and mass. Since the halo density and velocity distributions
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are known roughly, a calculation of how often such microlensing events take
place, and how long typical events last can be made
[17,18]
. If one monitored
3 million stars nightly, one expects expects around 170 events/yr for a halo
density of jupiter mass objects (0.001M⊙), and an average event duration
of about 3 days. For brown dwarf mass dark matter (0.1M⊙), one expects
about 20 events/yr with an average duration of about 30 days. Lighter
MACHOs give more events with shorter durations. In fact, the product of
the event rate and average duration is the optical depth for microlensing
τ ≈ 5× 10−7 and is independent of the MACHO mass. (An event is defined
here as the time during which a star is 34% brighter than normal.) So by
modifying the observing strategy one can get sensitivity from m ∼ 10−8M⊙
tom ∼ 102M⊙ or larger. The lower limit comes because for small mass lenses
the projected Einstein ring radius becomes smaller than the stellar source
radius, and large amplifications become impossible. The upper limit, which
is very rough, comes when the total duration of the event is longer than the
duration of the experiment. (But see ref. 19, for possible extensions of the
mass range sensitivity.)
The obvious problem here is that it takes millions of stars to get a handful
of events. And occurrence of variable stars of all types is known to be much
more frequent than this. So there was (and still is!) a lot of skepticism; can
such an experiment be done? Well, three groups are doing it and already
returning excellent data! But what about backgrounds such as cosmic rays,
satellite tracks, variable stars, and new types of transient phenomena? All
these must be identified and distinguished from the bona fide microlensing
events (which may or may not occur).
Luckily, bona fide microlensing has many powerful signatures, some of
which are listed below:
1. Very high amplification events occur (∆ magnitude > .75), which by
normal astronomical standards are very easy to detect.
2. The lightcurves have a unique shape. Only 3 parameters Amax, the
duration te, and the time of peak, completely determine A(t). One can
get many points on a lightcurve and check the shape.
3. Microlensing is achromatic. The lightcurve should be identical in both
(all) filter bands. The experiments monitor the stars in at least two
colors to take advantage of this signature. Note that most variable
stars change color as they vary.
4. The distribution in peak amplification Amax is known a priori. The
Amax is determined solely by the distance of closest approach to the
line-of-sight, and the distribution of these distances is uniform.
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5. ALL signatures, distributions in Amax, te, etc. are independent of the
star type and luminosity. In the LMC, giant stars, A type stars, and B
type stars will be monitored. If a new type of variable star exists which
passes all the previous tests, but occurs only for stars of a certain type,
it cannot be microlensing.
6. The microlensing probability is so small that it should occur only once
on a given star. If a star which had a microlensing-like event continues
to vary, it was not microlensing.
7. It is possible to catch microlensing in the act and notify other observers.
For example, if an event with duration of 5 weeks were discovered at
week 3, one could predict the lightcurve for the next few weeks and get
hundreds of points to check the shape, etc.
8. Finally, if the dark matter consists of MACHOs, microlensing rates
should be reproducible from year to year (with small seasonal modu-
lations in rates
[18]
). If 20 events are found one year, 20 similar events
on random stars should be found again the next year.
To demonstrate the power of these signatures, let me show you some
of the data from the experiment of which I am a member (the MACHO
collaboration
[20]
). We take images of 10-20 million stars per night, and
have performed preliminary analysis on about 1 million stars. About 800 of
these passed the first level microlensing trigger and were examined by eye.
(This trigger just finds stars with bumps in their lightcurves which are well
correlated in the red and blue filter bands.)
The lightcurves in Figure 1a,b,c look like reasonable microlensing candi-
dates at first glance, the shapes look not too far off microlensing; but notice
that they are very chromatic (that is, have different peak variations in the
red and blue bands, as is the case with many variable stars). Thus these are
long period variable stars and not microlensing. (Further monitoring of these
stars will be able to verify this.) Of course, most first level candidates don’t
have the right shape (e.g. Figures 1d, e). Next, consider Figure 1f, which is
not unusual, but illustrates that our automated telescope, photometry and
analysis programs can take good data on, and find stars such as this, which
vary only by 20%. Events with amplifications of 100% and more are expected
to occur, and are easy to pick out with data of this quality. Finally, many
variable stars look like Figure 1g. Is this a random scatter plot? No, it is a
variable star with a period which is short compared to our sampling time.
When we find the proper period and fold this data it becomes Figure 1h, a
beautiful Cepheid variable.
So let me summarize the status of three experiments I know about. The
8
MACHO collaboration consists of physicists and astronomers from Liver-
more, the Center for Particle Astrophysics, and Mt. Stromlo Observatory.
[20]
They have exclusive use of a 1.3 m telescope on Mt. Stromlo for at least 4
years, and have taken about 180 nights of preliminary data. They have a
very large camera, consisting of 8 2K by 2K pixel CCD’s, for a total of 32M
pixels. Using a dichroic filter they take exposures simultaneously in red and
blue with a field of about 0.5 deg2. They target both the LMC and the galac-
tic bulge. Each clear night data is taken on 10-20×106 stars, with 2-3×106
having errors less than 0.1 mag. They have done a preliminary analysis on
around 1 million stars, found roughly 2000 variable stars of all types, but
have no clear microlensing event yet.
The French collaboration
[21]
is also a large collection of physicists and
astronomers from eight or so French institutions. They use a 0.4 meter tele-
scope for their CCD work and a Schmidt for the large 36 deg2 photographic
plates. They took ∼ 2500 CCD images last year at ESO, and expect ∼ 7000
this year. They also have acquired around 300 Schmidt plates. Their camera
contains 16 400×580 pixel CCD’s for a total of ∼ 3.7 Mpixels and a 0.5 deg2
field of view. So far they have targeted only the LMC. They expect 3× 106
stars with errors less than 0.15 mag from their plates, and get about 50,000
stars from their CCD exposures. They have found variable stars and a flare
star, but have no clear microlensing candidate yet.
The “OGLE” collaboration
[22]
consists of astronomers from several Polish
institutions and the Carnegie Institute, and Bohdan Paczynski, the inventor
of the idea. They do not have their own telescope at this point, but took
45 nights of data on a 1 meter telescope at Las Campanas last year, and
have been awarded 70 nights this year. They use a 2K by 2K pixel CCD,
(4Mpixels), with a 0.06 deg2 field of view. They target the galactic bulge
exclusively. They have ∼ 0.75× 106 stars, with errors < .1 mag. They have
found many variables, but as yet have no microlensing events.
So while none of the experiments have yet to present a detection of or
limits on baryonic on dark matter, I think it is remarkable how quickly they
have come on line, and I expect detections or limits to appear soon. Recall,
that the idea appeared only in 1986, and the first experiment was started
only in 1990.
WIMPS AND THEIR DETECTION
While I think the search for baryonic dark matter is important and very
exciting, it is good to remember, that no one has thought of a good way
to put 90% of the mass of the Universe in such objects, and that if Ω is
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near unity (as recent observation suggests), the dark matter cannot consist
entirely of baryons. Thus it is important to search for non-baryonic dark
matter in the form of new elementary particles. This, at first glance, seems
hopeless. The dark matter could consist of elementary particles which have
only gravitation interaction, and therefore are undetectable in laboratory
experiments. However, there is a reason, coming from the big bang, which
suggests this may not be the case.
Consider any stable particle δ in equilibrium in the Early Universe. When
the temperature is much higher than its mass mδ, it exists with a number
density roughly equal to that of photons. As the Universe cools and expands,
its number density n drops. As the temperature finally drops below the
mass of the δ, the δ becomes much more difficult to create thermally, and its
number density then drops exponentially (Boltzmann factor: n ∼ e−mδ/T ).
As the Universe continues to cool, this exponential drop can not continue
forever, however, because eventually the number density becomes so low that
there is almost no chance that a δ and δ¯ meet and annihilate (remember for
δ to be the dark matter it must be stable). Thus a certain number of δ’s
must survive the big bang and still be around today. How many survive? It
depends upon the thermally averaged annihilation cross section < σv >ann.
The calculation of the relic abundance of particles from the Early Universe
has been done many times with varying degrees of accuracy, but the result
can be roughly summarized by
[23]
Ωδh
2 ≈ 10−27cm3sec−1/ < σv >ann.
Now for any particle to be a dark matter candidate it must have a relic
abundance 0.025 ≤ Ωδh
2 ≤ 1, where the upper bound comes from requiring
the age of the Universe to be at least 1010 years, and the lower bound comes
from Ω = .1 and h = 0.5. This equation says that ANY dark matter candi-
date which was once in thermal equilibrium MUST have a self annihilation
cross section < σv >ann (δδ¯ → e
+e−, qq¯, etc.)/c ≈ 10−36cm2. This is the
weak interaction strength. Thus a particle which had only gravitational in-
teractions, would give far too high a relic abundance, if it was ever in thermal
equilibrium. Therefore, one does not expect particle dark matter to have ei-
ther extremely feeble or extremely strong interactions; it should interact with
just the strength of the weak interaction. The fact that it is precisely the
weak interaction strength which is required of particle dark matter is a very
interesting coincidence (or is it a significant clue?). Note that it is just in
this range that particle accelerators around the world are searching for new
particles. And particle theories which attempt to solve outstanding theoret-
ical problems with the Standard Model typically predict new particles with
just this interaction strength. Keep in mind also that since δδ → e+e−, qq¯,
etc. is of weak strength, the inverse processes, e+e− → δδ¯ used to search for
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particles in accelerators will also be of this order of magnitude, as will the
“crossed” elastic scattering process δq → δq, which the direct DM searches
rely on.
Thus from the postulate that some WIMP from the early Universe is the
dark matter one can get rough predictions of its detectability, both in particle
accelerators, and in the underground germanium detectors, etc. Remarkably,
the new generation of experiments are now probing precisely the range of
parameters where the dark matter should exist. This is the primary reason
for my guarded optimism regarding dark matter searches. However, it is
important to keep in mind that there are many exceptions to these generic
predictions,
[24]
and that it is possible to have DM particles which do not
come from equilibrium in the early Universe (e.g. the axion!), and therefore
the dark matter could consist of undetectable particles. In specific models,
where the relevant cross sections can be calculated, these generic predictions
can be checked and made more precise, and in fact, usually are borne out.
For example, the first particle cold dark matter candidate, the GeV mass
Dirac neutrino of Lee and Weinberg (among others), has now been ruled out
by a combination of the above ideas.
[25]
So it should be clear that accelerators are great places to look for dark
matter, and if I had to place a bet, I think CERN or the SSC are the places
most likely to find the dark matter. However, there are at least 2 other
promising experimental techniques under rapid development which are (or
soon will be) exploring the same regions of parameter space in a compet-
itive manner. The first is a direct detection technique,
[26]
which attempts
to measure the small (O(keV)) energy deposited in a kilogram size crystal
when a dark matter particle elastically scatters off a nucleus. These crys-
tals are typically kept at cryogenic temperatures and in very low radiation
background environments (underground). The second class of experiments
attempts indirect detection of dark matter particles by measuring the neu-
trinos which result from δ + δ¯ annihilation in the Sun or Earth.
[27]
In this
scenario, dark matter particles collect in the Sun or Earth over billions of
years and gradually settle to the center. Neutrinos from the dark matter
particle self-annihilation stream out of the Sun and could be detected in
proton decay experiments such as IMB, Kamiokande, and soon in the newer
detectors such as MACRO, AMANDA, and DUMAND.
[28]
These neutrinos
are high energy (Eν ≈ 0.5mδ) and so are easier to detect than the normal
solar neutrinos, but there are fewer of them so large detectors are needed.
Now there have been hundreds of particles suggested as dark matter
candidates, but recently most attention has been focussed on the lightest
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supersymmetric particle (LSP) and the most likely LSP is the neutralino
(χ), which is also known as the photino, Higgsino, B-ino, and Z-ino.
[30,31]
The neutralino is a linear combination of the supersymmetric partners of the
photon, Higgs boson, and Z boson. The mass and couplings of the neutralino
depend upon 4 parameters: a Higgsino mass parameter µ, two soft SUSY
breaking masses M1 and M2, and the ratio of Higgs boson vacuum expec-
tation values tanβ. To calculate cross sections one also needs the squark,
slepton, and Higgs masses, as well as the top quark mass. Now while there
have been dozens of WIMP candidates proposed, the neutralino is the front
runner for several reasons, and hundreds of papers on neutralinos have been
written, and many experimental searches for neutralinos performed. The
motivations for supersymmetry (SUSY) have been extensively discussed at
this meeting (Zwirner, Ellis, Wilczek, these proceedings), and basically have
to do with incorporating gravity into the Standard Model, solving the gauge
hierarchy problem, and allowing coupling constant unification to be consis-
tent with new LEP data. While there are many models and many parameters
in each model, once these have been specified, the cross sections and relic
abundance can be calculated and the generic predictions previously discussed
made precise.
For example, Figure 2 shows a scatter plot of many parameter choices in
a specific minimal SUSY model. I’ve plotted the relic abundance vs. the neu-
tralino mass. Each cross represents a different choice of SUSY parameters,
and the density of crosses indicates the amount of parameter space which
predicts that value of the relic abundance. To be DM, the relic abundance
must be between 0.025 and 1, as indicated by the horizontal lines. It is ap-
parent from the figure that much of parameter space gives relic abundances
in the range relevant for dark matter. There are choices of parameters which
give too little DM, and choices which give too much and therefore are ruled
out, but it is clear that Ω ∼ 1 in neutralinos is a generic feature of the model,
and therefore adds to the attractiveness of the neutralino as a DM candidate.
Also note in Figure 2, that parameter choices which gave mχ <∼ 20 GeV are
not shown, since they are ruled out by the LEP experiments. Thus prime
regions of parameter space for dark matter candidates are being explored by
the particle accelerators.
Let me now turn to the direct detection experiments. There are dozens
of groups around the world actively pursuing these experiments, each one of
which could give an interesting hour long talk, so I can only list some of the
experiments
[29]
and mention one example briefly. (See Table 2.)
Now in all these experiments the problem is not really the rate, but
the background. Taking the weak interaction strength, which comes from
12
Group Technique Material
CfPA/UCB/UCSB, Ionization + phonons Ge, Si, GaAs
Imperial Col., via thermistor
Saclay
Stanford, Transition edge of super- W on Si,
MPI Munich, conducting films Sapphire
IAS/CNRS
UBS, superheated, super- Indium/Mylar,
Annecy, conducting granules Tin/Kapton
Interferometrics
Milan scintillation + phonons CaF2
Brown U. rotons He
Saclay, scintillation NaI
Osaka/Beijing/Roma
Table 2: Partial list of direct detection experiment groups
[29]
the relic abundance calculation, and estimating the elastic scattering cross
section by crossing symmetry, one estimates an event rate in the cryogenic
detectors of about 1 event/kg/day.
[24]
Thus a few kilogram detector run for
several months should have plenty of events. Keep in mind, however, that
there are uncertainties regarding the crossing, and that in the detectors it
is the WIMP-nucleus, not the WIMP-quark interactions that are relevant.
This means one needs to add the quark contributions to get the WIMP-
nucleon contribution, and use nuclear wave functions to add coherently the
nucleon contributions. Thus, the actual rates may differ by several orders of
magnitudes from the generic rate. For example, GeV mass Dirac neutrinos
have a fortunate coherence effect which result in an event rate of hundreds
per kg per day, while neutralinos typically have event rates in the 10−2 to 1
event/kg/day range. Still, even for neutralinos the background is the prob-
lem. There is a gamma ray background of about 0.5 event/kg/day/keV which
seems immune to shielding, etc. A very promising recent advance, however,
allows the separation of this gamma ray background from the nuclear recoil
events which make up the signal. The technique, pioneered by the Berkeley
group,
[33]
involves collecting both the ionization electrons and the phonons.
Since a gamma ray deposits about 33% of its energy in ionization and 66%
in phonons, while a nuclear recoil (e.g. neutron or WIMP) deposits roughly
10% in ionization and 90% in phonons, it is possible to identify and subtract
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the gamma ray background. This allows a factor of up to 100 improvement
in sensitivity.
Figure 3 shows the expected sensitivity of the new Berkeley detector, as
well as the sensitivity of the older detectors, and the expected event rates
for neutralinos in some specific supersymmetric models. From this figure
one sees that the new generation of detectors is capable of probing the neu-
tralino parameter space for the first time. Thus these small underground
detectors are competing with the giant accelerators in the search for super-
symmetry and neutralinos! And while the areas of parameter space probed
overlap somewhat, they are complementary in other areas. For example, di-
rect detection techniques can reach to higher masses than the accelerators.
However, it is also clear from the figure that this generation of direct detec-
tion experiment is not capable of performing a definitive experiment. It is
quite possible for the dark matter to consist of neutralinos, or other WIMPs
and not be seen in any of the current generation experiments. Still the rate
of progress is impressive, and it is exciting that the favorite dark matter
candidates are under attack at last.
Finally, I find it intriguing that the new generation of indirect detection
methods will be probing very similar regions of supersymmetric parameter
space. Figure 4 shows the area required for an underground proton decay
type detector which would enable it to get a 4 sigma detection of neutrinos
coming from the annihilation of neutralinos in the center of the Sun. Detec-
tors such as IMB, Frejus, and Kamiokande, lie off the bottom of this plot,
with areas around 400 m2. The currently running experiment MACRO has
an area of around 1000 m2, which allows it to just barely probe some regions
of neutralino parameter space. However, it is the newly funded experiments
AMANDA (which will take place in the South Pole ice) and DUMAND (in
the Pacific Ocean), with areas in the 106 m2 range, which will finally be
sensitive to the bulk of SUSY parameter space.
[28]
Once again, there is some
overlap with accelerators and direct detection techniques, and some areas in
which the indirect searches will be complementary.
I would like to finish with some comments about the WIMP models being
considered recently. The neutralino LSP from supersymmetry is by far the
most popular WIMP, but the rates and Ω depend upon many parameters.
Of the SUSY models which exist, generic minimal models have been investi-
gated the most,
[30,35]
and it was these which were presented in the previous
plots. These models assume a minimum of new particles, and only include
interactions which preserve CP and R-parity. They typically use some pa-
rameters from Grand Unified Models (GUTs), but leave others free. In this
way, they are not completely consistent. If one considers a GUT, then many
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parameters are fixed; however, if one leaves out GUT assumptions, then the
parameter space is less restricted than usually considered. So, I see two main
trends in the theoretical neutralino world. First, much effort is being made to
work out the minimal Supergravity (SUGRA) model in a consistent manner.
Here everything is taken from a GUT. Only 3 or 4 parameters are needed,
and all couplings and masses are derived from these via the renormalization
group. This allows more precise predictions, and results in the dark matter
neutralino most probably being a B-ino.
[36]
This approach has received recent
motivation from the SUSY coupling constant unification discussed at length
by Wilczek (these proceedings).
The other main trend is to move away from the simplest SUGRA model.
There are, of course, many ways to do this. One can just consider a more
generic minimal model, by relaxing the GUT assumptions,
[37,32]
as sug-
gested by superstring models,
[38]
or by doing away completely with any
GUT assumptions.
[39]
One can also consider non-minimal SUSY models by
allowing extra Higgs or gauge structure.
[40]
Some of these models have fea-
tures which make them quite attractive, but, of course, result in more free
parameters, and predictions which are not as precise or testable. The im-
portant point here, is not to decide which approach is more realistic or more
likely to correspond to the truth, but to warn the reader that conclusions
about SUSY, neutralinos, and neutralino dark matter, depend sensitively
upon the SUSY model being considered, and that one needs to know which
is model is being discussed.
So, I conclude as I began, by noting that for the first time in the next
few years, most of the popular dark matter candidates will be experimentally
accessible, and that with some luck, we may soon know what the primary
constituent of the Universe is.
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